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SEMCONDUCTOR DEVICE 
MANUFACTURING METHOD 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a Divisional application of U.S. patent 
application Ser. No. 12/026,917, filed on Feb. 6, 2008, which 
is based upon and claims the benefit of priority from the prior 
Japanese Patent Application No. 2007-28345, filed on Feb. 7, 
2007, the entire contents of which are incorporated herein by 
reference. 

TECHNICAL FIELD 

The present invention relates to a semiconductor device 
and a manufacturing method thereof and more specifically to 
a semiconductor device comprising a MOS transistor having 
a stress applying mechanism and a manufacturing method 
thereof. 

BACKGROUND 

Improvement in fine structures has been continuing for 
improving integration density and also improving processing 
speed of a silicon semiconductor integrated circuit. Gate 
length of the MOS transistor has been shortened in combina 
tion with further improvement infine structure. When the gate 
length is 65 nm or less, expectation for improvement of per 
formance with a fine structure has been accompanied by 
limitations. 
A strain transistor for improving mobility of carriers by 

creating a strain is a technology for realizing improvement in 
performance of the MOS transistor. Strain is generated by 
impressing stress to a channel region of a MOS transistor. 
ON-current is improved by raising mobility of electrons and 
holes. 
An n-channel MOS transistor can improve mobility of 

electrons when a tensile stress is impressed to the channel 
region thereof A p-channel MOS transistor can improve 
mobility of holes when a compressed stress is impressed to 
the channel region thereof. 

In the case of a PMOS transistor, when a source? drain 
region is formed with a silicon-germanium (SiGe) mixed 
crystal having a lattice constant larger than that of the Si 
Substrate, a compressed stress is applied to the Sicrystal of the 
channel region and thereby mobility of hole increases. 

In the case of NMOS transistor, when the source? drain 
region is formed with a silicon-carbon (SiC) mixed crystal 
having the lattice constant smaller than that of the Si sub 
strate, a tensile stress is applied to the Sicrystal of the channel 
region and thereby mobility of electrons increases. 
When the Si Ge crystal is formed with the epitaxial 

growth on the Si substrate, thickness of the epitaxial layer 
which can be grown without misfit dislocation is limited to 
the thickness called the critical film thickness. 

SUMMARY 

According to an aspect of the invention, a semiconductor 
device has a Si Substrate, a gate insulating film over the Si 
Substrate, a gate electrode over the gate insulating film, a 
Source region and a drain region in the Si Substrate, wherein 
each of the Source region and the drain region includes a first 
Silayer including Ge, a interlayer over the first Silayer, and 
a second Silayer including Geover the interlayer, wherein the 
interlayer is composed of Si or Si including Ge, and a Ge 
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2 
concentration of the interlayer is lower than a Ge concentra 
tion of the first Silayer and a Ge concentration of the second 
Silayer. 

It is also possible to form the device of the current invention 
by substituting SiC for SiGe. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A to 1C are schematic cross-sectional views show 
ing structures of samples SA, SB, and SC, while FIGS. 1D to 
1F are electron microscope images of Atomic Force Micro 
scope (AFM) at the surface of the samples SA, SB, and SC. 

FIGS. 2A and 2B are cross-sectional views of the semicon 
ductor device of the first embodiment and a modified example 
thereof. 

FIGS. 3A to 3F are schematic cross-sectional views show 
ing the steps in the manufacturing method of the semicon 
ductor device shown in FIG. 2. 

FIG. 4 is a schematic plan view of the CMOS device of the 
second embodiment. 

FIG. 5 is a graph showing change in the critical film thick 
CSS. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

In order to manufacture a strain PMOS transistor, a recess 
is formed by etching the region schemed as the source/drain 
area of the Si substrate and a SiGe film is formed by epitaxial 
growth on the Si crystal of the recess. The SiGe film may 
include other elements for example C. In view of avoiding 
dislocation, the SiGe film which is thinner than the critical 
film thickness determined by the Ge composition is grown. 
When the SiGe film is grown exceeding a predetermined film 
thickness, dislocation is generated in the SiGe film. The maxi 
mum thickness not generating dislocation is called the critical 
film thickness. When dislocation is generated, a stress is 
released and it becomes impossible to effectively apply strain 
to the channel. Therefore, film thickness is set thinner than the 
critical film thickness or the Ge composition is lowered. In 
any case, a stress to be applied to the channel region is 
reduced if the critical film thickness requirements are not met. 

Critical film thickness in the hetero-epitaxial growth will 
be explained hereunder. Here, it is assumed that a SiGe mixed 
crystal is formed by epitaxial growth on the surface of a Si 
substrate. When Ge composition X in the SiGe mixed crystal 
expressed by SiGe is higher than about 0.2, the further the 
thickness of the epitaxial layer increases, the more strain 
energy to be accumulated increases also and dislocation is 
generated at a certain thickness. This dislocation is called the 
misfit dislocation. Critical film thickness also depends on film 
forming temperature. 

FIG. 5 is a graph showing the relationship of the critical 
film thickness for Ge concentration. The vertical axis shows 
the critical film thickness, while the horizontal axis shows the 
Ge concentration. When epitaxial growth occurs at the tem 
perature (a), the more the Ge concentration increases, the 
larger the lattice constant of SiGe becomes and thereby the 
critical film thickness becomes small. When temperature (a) 
is set to a lower value (b), the critical film thickness increases. 
In the case where the SiGe mixed crystal in the lattice con 
stant different from that of Si is grown without generation of 
misfit dislocation on the Si crystal, the thickness thereof is 
restricted by the critical film thickness. 
As explained above, when the Ge concentration becomes 

greater, the critical film thickness of SiGe becomes small and 
therefore dislocation is easily generated within SiGe. When 
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dislocation is generated within SiGe, strain accumulated 
within SiGe is also released and therefore a stress applied to 
Si also becomes Small. 
When it is requested to apply, for example, a compressed 

stress to the channel of MOS transistor, the compressed stress 
is applied from the sides of the source and drain to the channel 
by first forming a recess by etching the Si substrate at the part 
where the source/drain region is formed, and next, the SiGe 
mixed crystal having the lattice constant larger than that of Si 
is formed by epitaxial growth within the recess. The larger the 
compressed stress is, the further the mobility of holes 
becomes. According to the present invention, it is possible to 
form the SiGe layer with a thickness exceeding the critical 
film thickness under the condition that generation of disloca 
tion is controlled, and thereby the compressed stress is 
applied more effectively. Specifically, the inventors of the 
present invention have experimented with the influence on 
misfit dislocation under the condition that the layer having 
larger difference of lattice constant is divided with the layer 
having Smaller lattice constant in the thickness direction. 

FIGS. 1A, 1B and 1C show three kinds of cross-sectional 
structures of samples. FIG. 1A shows a first sample SA. A 
SizGeo layer 22 is epitaxially grown in the thickness of 
25 nm on the Surface of the Si Substrate. A SioGeo means 
that the SiGe mixed Crystal includes 76% Si and 24% Ge in 
atomic 96. FIG. LB shows a second sample SB. A Sio Geo. 
layer 22 is epitaxially grown in the thickness of 25 nm on the 
Si substrate 21, a Silayer 23 is epitaxially grown thereon in 
the thickness of 3 nm, and moreover a SioGeo layer 24 is 
epitaxially grown in the thickness of 25 nm. FIG. 1C shows a 
third sample SC. A SioGeo layer 25 is epitaxially grown 
in the thickness of 50 nm on the front surface of the Si 
substrate 21. The total thickness of the SiGe layer is 50 nm in 
the second sample SB and the third sample SC. 

The epitaxial growth has been executed under the substrate 
temperature range from 500° C. to 700° C. using the mixed 
gas of SiH, GeH, HCl, and H. The Ge composition has 
been controlled depending on a partial pressure ratio of the 
mixed gas. 

FIGS. 1D, 1E, and 1F show images of AFM at the surfaces 
of the samples SA, SB, and SC. AFM of the sample SA of 
FIG. 1D shows a flat front surface. Meanwhile, AFM of the 
sample SC of FIG. 1F shows generation of cross-hatched 
stepped portion. The stepped portion corresponds to a dislo 
cation portion. Here, it is assumed that strain energy accumu 
lated in the SiGe layer 25 becomes too large to be held within 
the epitaxial layer 25 and thereby misfit dislocation has been 
generated. In regard to the sample SA of FIG. 1D, it is 
assumed that the stepped portion is never generated, thick 
ness of the epitaxial layer 22 is equal to or less than the critical 
film thickness, and misfit is not easily generated. As explained 
above, generation of dislocation may be determined with 
AFM. 
AFM of the sample SB of FIG. 1E shows limited genera 

tion of stepped portions. The density thereof is extraordinar 
ily smaller than that of the stepped portions of the sample SC 
of FIG.1F. A sum of thickness of the SiGe layers 22, 24 is 50 
nm which is identical to the thickness of SiGe layer 25 of the 
sample SC, but generation of dislocation is reduced. Accord 
ing to these experiments, it has been determined that when a 
thinner Silayer is inserted into the intermediate location in the 
thickness direction of a SiGe layer with a total thickness of 50 
nm, generation of dislocation is reduced. 

Adjustment of thickness or the like in each layer results in 
an epitaxial layer with less dislocation. A similar effect can 
also be expected by inserting a layer having Small difference 
of lattice constant from the substrate into the intermediate 
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4 
location in the thickness direction of the layer having a large 
difference of lattice constant. Namely, it is possible to use 
SiGe having small Ge composition in place of the Silayer. 

Other materials may be used as the epitaxial layer having a 
large difference of lattice constant from the substrate. A 
mixed crystal having a lattice constant Smaller than that of Si 
may be substituted for the SiGe mixed crystal having a lattice 
constant larger than that of Si. For example, it is also possible 
to attain a similar effect by using the SiC mixed crystal having 
a diamond structure like Si and a lattice constant Smaller than 
that of Si and then increasing the Silayer or the SIC mixed 
crystal having Small C composition into the intermediate 
location in the thickness direction. With the SiC mixed crystal 
having a small lattice constant, a larger tensile stress can be 
applied. A large tensile stress can be applied to the channel of 
NMOS transistor by arranging the SiC laminated layer hav 
ing the sum of thickness exceeding the critical film thickness 
to the source/drain of NMOS transistor. The larger tensile 
stress contributes to improving mobility of electrons. 
A layer having a smaller lattice constant for the Substrate 

inserted to the intermediate location may not be limited only 
to a single layer. It is possible to attain a larger total sum of 
thickness in the epitaxial layer having a large difference of 
lattice constant from the substrate. 
The B-doped type p SiGe/Si/SiGe epitaxial layer has also 

been formed by epitaxial growth by adding BH as the impu 
rity sourcegas. Boron concentration is set from 1E19 cm to 
1E21 cm, but electric activation coefficient of boron taken 
into the epitaxial layer has almost reached 100% even in the 
case of high concentration doping of about 1 E20 cm. 

Various epitaxial growth conditions may be introduced. 
For example, Si-H. SiHCl2 or the like may be used as the 
source gas of Si, while Ge.He or the like may be used as the 
source gas of Ge. In the case of laminated layers of SiC/Sior 
SiC/SiC, the epitaxial growth of SiC may be conducted under 
the substrate temperature range from 600° C. to 900° C. using 
SiH as the C source. As the type n impurity, PH, AsFH or the 
like may be used. 

FIG. 2A is a cross-sectional diagram showing the semicon 
ductor device of the first embodiment on the basis of experi 
mental results detailed above. An elementisolating region2 is 
formed in the Si Substrate 1 with Shallow Trench Isolation 
(STI) method and type n impurity is ion-implanted to an 
active region defined with the element isolating region 2 in 
order to form a type nwell NW. For example, a gate insulating 
film3 formed with a siliconoxide film in the thickness of 1 nm. 
to 2 nm and a p-type impurity-doped such as boron-doped 
polysilicon film 4 are laminated on the front surface of active 
region and then this laminated layer is patterned to constitute 
a gate electrode. On the side-wall of the gate electrodes 4, 3, 
insulating side-wall spacers SW are formed with the lami 
nated layers of silicon oxide film 6 and silicon nitride film 7. 
The structure explained above allows various substitutions, 
variations and modifications. For example, the gate insulating 
film 3 may also be formed of laminated layers of the silicon 
nitride oxide film, silicon oxide film and a film of material 
having higher specific dielectric coefficient. The side-wall 
spacer SW may be formed of a single layer or of laminated 
layers of the other materials. 
The recess 11 is formed by etching of the Si substrate in 

both sides of the insulating side-wall spacer SW and the first 
SiGe layer 12a with higher Ge composition, the second SiGe 
layer 12b with lower Ge composition, and the third SiGelayer 
12c with higher Ge composition are epitaxially formed within 
the recess. When composition of the first SiGe layer 12a is 
expressed as SiGe, while composition of the second SiGe 
layer as SiGe and composition of the third SiGe layer as 
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S. Ge, X and Z are set to satisfy the relationship of 0.2s W 
(X, Z)s0.4 and y is also set to satisfy the relationship of 
Osy<W(x, Z). W(x, z) means both X and Z. The first to third 
SiGe epitaxial layers are all designated as 12. Boron is doped 
in to concentration of 1E19 cm to 1E21 cm to the SiGe 
epitaxial laminated layer 12. 

Generation of dislocation may be reduced even if the total 
sum of the first and the third SiGe layer becomes large with 
epitaxial growth of the first and third SiGe layer with higher 
Ge composition in both sides of the second SiGe layer with 
lower Ge composition. 

It is also possible to forman n-channel MOS transistor by 
inverting all conductivity types of impurity, Substituting the 
SiGe layer with SiC layer and then selecting C composition in 
place of Ge composition. Silicon-carbon mixed crystal (SIC) 
also may include other elements. 
On the occasion of using the SiC layer, when composition 

of the first SiC layer is expressed as SiC composition of 
the second SiC layer as SiC composition of the third SiC 
as Si C, x and Z are set to satisfy the relationship of 0.01 sw 
(X,Z)s0.02 and y is also set to satisfy the relationship of 
Osy<W(x,z). Here, W(x,z) means both X and Z. 

FIG. 2B is a cross-sectional diagram showing a modified 
example of the first embodiment. The SiGe epitaxial lami 
nated layer 12 embedded in the recess is formed thinner than 
the critical film thickness and includes the SiGe layers 12a, 
12c,..., 12y having higher Ge composition and a plurality of 
SiGe layers 12b, 12d. ..., 12x inserted to divide these above 
layers and to have lower Ge composition. The SiGe layers 12 
are all formed as the epitaxially grown layers. Other points are 
identical to the first embodiment. 

FIGS. 3A to 3F are cross-sectional diagrams showing the 
principal steps in the manufacturing method for manufactur 
ing the semiconductor device shown in FIG. 2A. 
As shown in FIG. 3A, the element isolating region 2 is 

formed in the Si Substrate with the STI method to define a 
plurality of active regions. An n-type impurity is ion-im 
planted to the active region for PMOS transistor to form an 
n-type well NW. A p-type impurity is ion-implanted to the 
active region for NMOS transistor to form a p-type well. The 
Si Surface in the active region is exposed and a silicon oxide 
film is grown in the thickness of 1 nm to 2 nm with the thermal 
oxidation. Here, it is also possible to introduce nitrogen from 
the surface to form a silicon nitride oxide film. The silicon 
oxide film may also be laminated with another insulating 
film(s) having higher dielectric coefficient by the Chemical 
Vapor Deposition (CVD) method or the like. A gate insulating 
film 3 can beformed as explained above. A polysilicon film 4 
is deposited over the gate insulating film 3 with the CVD 
method. Alternative to this process, an amorphous silicon film 
may be formed over the gate insulating film 3, followed by 
heat treatment for crystallization to form a polysilicon film. 
The p-type impurity is ion-implanted into the polysilicon film 
4 of the PMOS transistor. A photoresist mask PR is formed 
over the polysilicon film 4, the polysilicon film 4 is etched and 
the gate electrode is then patterned. Thereafter, the photore 
sist mask PR is removed. 
As shown in FIG. 3B, the silicon oxide film 6 and the 

silicon nitride film 7 are deposited over the Si substrate with 
the CVD method and then the side-wall spacer SW on the gate 
electrode side-wall is left by conducting the anisotropic etch 
ing with the reactive ion etching method. Material and num 
ber of layers of side-wall spacer may be changed variously. 
As shown in FIG. 3C, the Si Substrate in both sides of the 

side-wall spacer SW is etched with the reactive etching 
method using HBr as the etching gas with Such side-wall 
spacer SW used as the mask in view of forming the recess 11. 
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6 
As shown in FIG. 3D, the first SiGe layer 12a is epitaxially 

grown. The SiGe mixed crystal with Ge composition of 0.2 to 
0.4 is epitaxially grown to a thickness less than the critical 
film thickness, for example, 20 nm in a substrate temperature 
ranging from 500° C. to 700° C. using the mixed gas of SiH, 
GeH, HCl, H. and B.H. 
As shown in FIG. 3E, the supply rate of GeHa gas is 

reduced and the second SiGe layer 12b with Ge composition 
of 0 to 0.2 is epitaxially grown over the first SiGe layer 12a. 
For example, the Silayer is grown in the thickness of 3 nm. 
As shown in FIG. 3F, the supply rate of GeHa gas is 

increased again and the third SiGe layer 12c with Ge compo 
sition of 0.2 to 0.4 is epitaxially grown over the second SiGe 
layer 12b. Here, it is also possible to keep the flow rate of 
mixed gas to a constant rate by adjusting Supply rate of H2 as 
required. 
As explained above, the first, second, and third SiGe layers 

12a, 12b, 12c are embedded in the recess. A sum of thickness 
of the first and third SiGe epitaxial layers 12a, 12c with Ge 
composition of 0.2 to 0.4 is larger than the critical film thick 
ness. Generation of dislocation can be controlled even when 
the SiGe epitaxial layer is grown to a thickness as the sum of 
thicknesses exceeding the critical film thickness by providing 
the second SiGe epitaxial layer with lower Ge composition at 
the intermediate portion. Since the SiGe epitaxial layer hav 
ing the total thickness larger than the critical film thickness 
can be allocated, a larger compressed stress may be applied to 
the channel region of the PMOS transistor. Thereby, mobility 
of holes may be improved with a large compressed stress. 

Here, it is also allowed that the SiGe epitaxial layer with 
lower Ge composition and the SiGe epitaxial layer with 
higher Ge composition are furtherformed over the laminated 
layers of three layers. Number of layers of the laminated layer 
may be selected as required. 

FIG. 4 is a plan view showing a part of a CMOS transistor 
device of the second embodiment. An active region for 
NMOS transistor and an active region for PMOS transistor 
are formed. A gate electrode G is formed traversing the 
NMOS transistor region and the PMOS transistor region. The 
Si substrate in both sides of the gate electrode is etched in at 
least one of the NMOS transistor region and PMOS transistor 
region in view of forming the recess. The SiGe laminated 
layer is epitaxially formed within the recess in the case of the 
EMOS transistor, while the SiC laminated layer is formed in 
the case of the NMOS transistor. In the case of the SiGe 
laminated layer for embedding the recess form source/drain 
of the PMOS transistor, this layer is identical to the laminated 
layer of the SiGe laminated layer explained with reference to 
FIGS. 2A, 2B, and 3F. In the case of the SiC laminated layer 
embedding the recess for source/drain of the NMOS transis 
tor, conductivity type of impurity explained with reference to 
FIGS. 2A, 2B, and 3F is inverted, SiC is substituted for SiGe. 
and C composition is Substituted for Ge composition. 

Here, a film TF for applying a tensile stress such as a silicon 
nitride film may be deposited by the thermal CVD method 
covering the NMOS transistor and a film CF for applying a 
compressed stress Such as silicon nitride film may also be 
deposited by the plasma CVD method covering the PMOS 
transistor. In this case, it is preferable that the boundary of 
both stress films is formed nearer to the PMOS transistor than 
the NMOS transistor. The reason is that the tensile stress can 
improve mobility in both NMOS transistor and PMOS tran 
sistor in regard to the stress in the channel width direction. 
Here, it is also possible that the SiGe epitaxial laminated layer 
is embedded in the source? drain of the PMOS transistor to 
form the film TF for applying the tensile stress to the entire 
surface of the substrate. 
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The present invention is not limited only to these embodi 
ments. For example, Moreover, various modifications, addi 
tions, improvements, Substitutions and combinations of Such 
contents may also be apparent for those who are skilled in this 
art. 
What is claimed is: 
1. A method of manufacturing a semiconductor device 

comprising: 
forming a gate insulating film and a gate electrode over a Si 

Substrate; 
etching the Si Substrate using the gate electrode as a mask 

to form a recess in the Si substrate; 
forming a first Silayer including Ge in the recess; forming 

an interlayer over the first Silayer; forming a second Si 
layer including Geover the interlayer; 

wherein the interlayer is composed of Si or Si including 
Ge, and Ge concentration of the interlayer is less than a 
Ge concentration of the first Silayer and a Ge concen 
tration of the second Silayer. 
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2. The method of manufacturing the semiconductor device 

according to claim 1, wherein the first Silayer is formed by 
epitaxial growth, the interlayer is formed by epitaxial growth, 
and the second Silayer is formed by epitaxial growth. 

3. The method of manufacturing the semiconductor device 
according to claim 1, wherein a thickness of each of the first 
Silayer, and the second Silayer is equal to or less than a 
critical film thickness. 

4. The method of manufacturing the semiconductor device 
according to claim 1, wherein the Ge concentration of the first 
Silayer and the Ge concentration of the second Silayer is in 
a range from 20% to 40% in atomic '%. 

5. The method of manufacturing the semiconductor device 
according to claim 1, wherein each of the Source and the drain 
region includes Bas p-type impurity, and the concentration of 
B is in the range from 1x10 cm to 1x10 cm. 


